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????????????????????Smoothed Particle Hydrodynamics (SPH)?

























































? 2.1: 2????????????????? ([20]????)

















? 2.2: ??????????????????????????????? ([12]????)














? 2.4: ????????????????? ([29]????)
2.1.3 ?????????????????????????????
???????????????????????????????????????
???????????? [10, 7]?? 2.5(a)????????????????????
????????????????????????????????????????
???????????????????????[12]???????????????



































































????????????????? t + Δt???????????????? t???
?????????????????????????????????????????
?????????























































φ(xj)∇2W (xij , h) (3.6)



































































vi(t + Δt) = vi(t) + aiΔt (3.13)





























































[17]? cubic spline kernel???? [19]? viscosity kernel???????????????
?????????????????????????????????????????
??????????????? cubic spline kernel???????????















2 − |xij |h
)3
1 ≤ |xij |h < 2
0 othewise
(3.19)






xij 0 ≤ |xij |h < 1
−13
(
2 − |xij |h
)2
h













∇2W (xij , h) = α3
{









































? 3.1: ? 3.2?????????????
head 0 1 2 3 4 5 6 7 8
? 10 -1 4 7 5 -1 2 0 3
last 0 1 2 3 4 5 6 7 8
? 10 -1 4 7 6 -1 2 1 9
next 0 1 2 3 4 5 6 7 8 9 10






id = iz ∗ Ny ∗ Nx + iy ∗ Nx + ix (3.23)
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Algorithm 2 ??????











????xi = (x, y, z)?????????????????????xmin= (xmin, ymin, zmin)
?????
ix = (x − xmin)
dx
iy = (y − ymin)
dx
(3.24)







????????? tmp? last[id]??? (tmp = last[id])??last[id]????? i???
?? (last[id] = i)?????tmp???????tmp == −1???? head[id] = i???




? id???????????? head[id]????? j????????????????








for all particle i do
for idx = ix − 1 to ix + 1 do
for idy = iy − 1 to iy + 1 do
for idz = iz − 1 to iz + 1 do
id = idz ∗ Ny ∗ Nx + idy ∗ Nx + idx
j = head[id]
while j = −1 do

























W (xij , h) (3.25)














































mj(vi(t + Δt) − vj(t + Δt)) · ∇W (xij , h) (3.29)
???????????????? (3.2)?∇ · v??




mj(vi − vj) · ∇W (xij , h)
?????????????????????????????Δt????? (????)ρ∗
???????? (3.29)?
ρ∗i = ρi(t) + Δt
∑
j
mj(v∗i − v∗j ) · ∇W (xij , h) (3.30)
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??????????????v∗?????????
v∗i = vi(t) + (avi + asi − g)Δt
?????? (3.30)????????????????????????????? (3.29)?
ρi(t + Δt) = ρ∗i + Δt
∑
j
mj(vpi − vpj ) · ∇W (xij , h) (3.31)
????????????????Δt?????????? ρ0i??????????ρi(t+
















































dijpj − djjpj −
∑
k



































⎠ · ∇W (xij , h) (3.36)
????????pi?????????? aii??????????????????????

















































????? (3.30)???????????????mj = mi???????
ρ∗i = ρi(t) + miΔt
∑
j
(v∗i − v∗j ) · ∇W (xij , h) (3.39)
??????MultiSPH??????????????????????????????
???????????????????????? (3.26)???δ = ρm ???????
????? (3.39)????mi?????????
δ∗i = δi(t) + Δt
∑
j










for all fluid particle i do
d˜ii ????? (3.42)
?????? δ∗ ????? (3.49)





while average density error <  or l < 2 do















































??????????? (3.42)?? dii?dij????? d˜ii?d˜ij????????????
pi???????






























































W (xij , h) +
∑
b
Ψb(ρ0i)W (xib, h) (3.47)
?????????MultiIISPH??????????????????????????
???? (pb = 0,v∗b = 0,apb = 0)?? (3.39)?
ρ∗i = ρi(t) + miΔt
∑
j




Ψb(ρ0i)v∗i · ∇W (xib, h) (3.48)
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?????????????????????????
δ∗i = δi(t) + Δt
∑
j
















api · ∇W (xib, h) = δ0i − δ∗i (3.50)
??????????????? pi???????





















































f cij = −γmimjC(xij , h)
xij
|xij | (3.53)
??????????γ ????????C(xij , h)?????????????????
????
C(xij , h) = αc
⎧⎪⎨
⎪⎩
(h − |xij |)3 |xij |3 0.5 ≤ |xij |h < 1




















∇W (xij , h) (3.56)
???????? (3.55)?????????????????????????????
??????????????????????????????????????
























?????????????? (? 3.6(b))???????????????? (WPCA)?

























Ci = RΣRT (3.62)
???? R ????????????????????? Σ ????????? σ??




ksdiag(σ˜1, . . . , σ˜d) N > N
knI othewise
(3.63)
??????????σ˜k = max(σk, σ1kr )?N ???????N???????N ????
??????????????????????ks?kn?kr??????????????
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??????????????????N = 10?ks = 4500.0?kn = 0.5?kr = 4.0???
??????????????????







T i = (1 − η)I + η Gi|Gi| (3.66)
???????????η?????????????????????????? η = 0.02





















W (x − xj , h) (3.68)












W (x − x¯j , |Gr|) (3.69)
??????????r = x− x¯j?????????????????? G ? ks = 1400.0
????????x¯j ??????????????????????????????







???????λ? 0 ≤ λ ≤ 1????????? [28]?? 0.9 ≤ λ ≤ 1????????


















CPU Intel(R) Core(TM) i7-4770 3.40 GHz
??? 16.0 GB
OS Microsoft Windows 10
???? C++
????????????? OpenGL












???????? Δt = 0.3 [ms]??????????????????? 4.1????
????????? 4.2???????????????Δt = 3.0 [ms]????????
??????????? 4.3????????????? 4.4?????????????







???? ρ0 [kg/m3] 1000.0 250.0
?????? γ [N/m] 1.0 5.0
???? μ [Pa · s] 0.001 0.001
?? cs [m/s] (Δt = 0.3 [ms]) 100.0 100.0
?? cs [m/s] (Δt = 3.0 [ms]) 20.0 20.0
? 4.3: 1??????????????
?? ???? [s/step]
??? Δt = 0.3 [ms] 0.19
???Δt = 3.0 [ms] 0.25
??? Δt = 0.3 [ms] 0.27




??????????? 4.3(b)??? t = 0.6 [s]???????????????????
????????? 4.2????????????????????? cs???????
??cs????????? (3.18)?CFL??????????????????????
??????????????????????cs????????Δt = 3.0 [ms]????
















(a) t = 0 [s] (b) t = 0.6 [s]
(c) t = 1.2 [s] (d) t = 1.8 [s]
(e) t = 2.4 [s] (f) t = 3.0 [s]
? 4.1: ?????????????????????? (Δt = 0.3 [ms])
27
(a) t = 0 [s] (b) t = 0.6 [s]
(c) t = 1.2 [s] (d) t = 1.8 [s]
(e) t = 2.4 [s] (f) t = 3.0 [s]
? 4.2: ?????????????????????? (Δt = 0.3 [ms])
28
(a) t = 0 [s] (b) t = 0.6 [s]
(c) t = 1.2 [s] (d) t = 1.8 [s]
(e) t = 2.4 [s] (f) t = 3.0 [s]
? 4.3: ?????????????????????? (Δt = 3.0 [ms])
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(a) t = 0 [s] (b) t = 0.6 [s]
(c) t = 1.2 [s] (d) t = 1.8 [s]
(e) t = 2.4 [s] (f) t = 3.0 [s]











???? ?? ? ??? ?
???? ρ0 [kg/m3] 1000.0 500.0 100.0 10.0
?????? γ [N/m] 1.0 1.0 1.0 1.0



















(a) t = 0 [s] (b) t = 0.9 [s]
(c) t = 1.8 [s] (d) t = 3.6 [s]













???? ρ0 [kg/m3] 1000.0 50.0
?????? γ [N/m] 1.0 0.0











??????? 4.6???? 4.7?????????????????? 39,600????
?? 5,400???????? 7,224??????t = 3.0 [s]???????????????
1????????????? 2.1 [s/step]?????????????? (? 4.6?? 4.7?





4.7(c)??? (d)???????????????? 4.7(e)??? (f)?????????
????????????????????????????
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(a) t = 0 [s] (b) t = 0 [s](??????)
(c) t = 0.4 [s] (d) t = 0.4 [s](??????)
(e) t = 0.6 [s] (f) t = 0.6 [s](??????)
? 4.6: ?????????????????????? (t = 0.6 [s]??)
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(a) t = 1.2 [s] (b) t = 1.2 [s](??????)
(c) t = 1.5 [s] (d) t = 1.5 [s](??????)
(e) t = 1.8 [s] (f) t = 1.8 [s](??????)













??????? 4.9?????????????????? 76,823?????? 19,977
???????? 11,116??????t = 3.0 [s]???????????????1???
?????????? 4.5 [s/step]????






? 4.8: ???????????????? (????)
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(a) t = 0.0 [s] (b) t = 0.6 [s]
(c) t = 1.2 [s] (d) t = 1.8 [s]











??????? 4.10?????????????????? 85,197?????? 24,003
???????? 13,776??????t = 3.0 [s]???????????????1???
?????????? 5.0 [s/step]????















(a) t = 0.0 [s] (b) t = 0.6 [s]
(c) t = 1.2 [s] (d) t = 1.8 [s]
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